A B S T R A C T Cholesterol gallstone disease is initiated in a liver which produces abnormal bile with excess cholesterol relative to bile salts and phospholipid. To define the responsible secretory mechanism(s), the rate of biliary lipid secretion was measured by a duodenal marker perfusion technique, while the bile salt pool was simultaneously estimated by isotope dilution. Two groups of control patients expected to have normal biliary lipid composition- 14 subjects without hepatobiliary disease and 6 patients with pigment gallstones, were compared to two experimental groups expected to have abnormal bile-10 nonobese patients with cholesterol gallstones and 7 obese subjects without gallstones. Both control groups had nearly identical biliary lipid secretion rates, and a corresponding low relative molar concentration of cholesterol. Two different secretory mechanisms were found to be responsible for the abnormal bile in the experimental groups. In the nonobese patients with cholesterol gallstones, bile salt and phospholipid secretion rates were both significantly reduced. Conversely, the grossly obese subjects had an increased cholesterol secretion.
To determine how cholecystectomy improves biliary lipid composition, three groups of gallstone patients -6 with pigment stones, 4 grossly obese with cholesterol stones, and 13 nonobese with cholesterol stones -were all examined after full recovery from surgery. In the nonobese patients with cholesterol gallstones, INTRODUCTION Cholesterol gallstone disease is associated with the liver secreting lithogenic bile containing excess cholesterol relative to the solubilizing agents, bile salts, and phospholipids (3) . The rates at which these three major components are secreted determine bile composition, while their relative composition defines cholesterol solubility in bile (4) . Bile salts secreted from the liver come from two sources: one being de novo synthesis in the liver and the other recycled from the enterohepatic circulation. The latter is dependent on both the size of the bile salt pool and the speed at which this pool traverses the enterohepatic circulation. The reduced bile salt pool, which has been found in patients with cholesterol gallstones, has been assumed to cycle at a normal rate and result in a decreased bile salt secretion rate (5, 6) . Phospholipid secretion, which depends on bile salt secretion (7) (8) (9) , presumably would also be reduced. The 
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A decrease in the secretion of both bile salts and phospholipid should adversely affect the solubility characteristics ofbile, predisposing to cholesterol precipitation and gallstone formation.
The available studies on biliary lipid secretion rates have come to divergent conclusions. In one study, rather than decreased bile salt secretion being the predominant feature, an increase in cholesterol secretion was the major factor causing lithogenic bile formation in obese Indian (10) and obese White women (11) with gallstones. Another investigation was unable to detect any abnormality in biliary lipid output or bile salt pool size in gallstone patients (12) .
We have previously examined the composition of bile before and after cholecystectomy. These studies demonstrated that removal of the gallbladder caused bile to revert to a more normal composition (13) . The results emphasized the importance ofthe presence of the gallbladder in the genesis of abnormal hepatic bile. We concluded that either the bile salt pool expanded after cholecystectomy, and/or it recycled more rapidly. The responsible hepatic defect was therefore inferred to be at the level of the feedback mechanism controlling bile salt synthesis and hence pool size (13) . Since then, others have indicated that biliary lipid metabolism may not be improved by removal of the gallbladder (14) (15) (16) .
The present study was therefore directed at investigating the factors regulating bile composition and the effect of cholecystectomy. Bile salt pool size and biliary lipid secretion rates were simultaneously measured in man under controlled conditions. These parameters were measured in four groups of patients: control subjects without any hepatobiliary disease, patients with pigment stones, nonobese patients with cholesterol gallstones, and very obese subjects without radiological evidence of gallstones. These latter two groups, including the obese subjects who had not yet developed gallstones, were expected to have lithogenic bile. The differences between obese and normal weight patients with lithogenic bile and gallstones were clearly defined and the beneficial effects of cholecystectomy elucidated.
METHODS
Patients. The clinical data on the patients studied are described in Tables I and II . The study groups were broadly divided into two major categories: control patients without cholesterol gallstones, in contrast to experimental patients with either overt cholesterol gallstones or a strong propensity to gallstone formation. The control groups consisted of 14 subjects without any evidence of hepatobiliary disease and 12 patients with pigment gallstone disease, 6 of whom were studied before and 6 after cholecystectomy. The experimental groups consisted of nonobese patients with cholesterol gallstones and morbidly obese patients. In the nonobese group with cholesterol gallstones, 10 patients with gallstones were compared to 13 similar patients who had undergone cholecystectomy. Five of these cholesterol gallstone patients were studied before and again after cholecystectomy. In the obese group, seven subjects did not have gallstones, while four had undergone cholecystectomy for cholesterol gallstone disease. All patients listed in Tables 1 and II were white; in addition, a 50-yr-old Mohawk  Indian woman, near ideal body weight, with cholesterol gallstones, was also examined before and again after surgery. A time interval of at least 1 mo was allowed to elapse before carrying out the studies after cholecystectomy. Pigment stone patients were examined 1-4 mo after surgery (average 2 mo); nonobese patients with cholesterol gallstones, 1 mo-15 yr (average 33 mo); obese patients with cholesterol gallstones, 2-9 yr (average 69 mo). All groups were within 12% of their ideal body weight' except for the morbidly obese patients who were almost twice their ideal body weight. Cholecystectomy effected only minimal weight changes (less than 8%), and before the study all patients had maintained a stable weight on their routine diet for at least 1 wk. Liver function tests (including bilirubin, alkaline phosphatase, transaminase, and senrm protein electrophoresis) were all normal. Oral cholecystography visualized normally in all with intact gallbladders, even when gallstones were present. The control subjects wvithout any hepatobiliary disease were composed of either healthy volunteers or patients with functional gastrointestinal complaints. 8 of the 11 morbidly obese patients were investigated as part of their preoperative evaluation for bypass surgery. In these, liver biopsy was performed as part of the protocol, and despite the normal liver function tests, a variable degree of fatty infiltration was found. Hypertriglyceridemia and chemical diabetes mellitus were also present in four obese patients as well as the Indian woman. Verbal and written consent was obtained from all subjects.
Gallstone analysis. Gallstones, including several from patients who had saved them for 5-10 yr after cholecystectomy, were chemically analyzed by standard methods (3). Cholesterol gallstones contained predominantly (more than 50%) cholesterol whereas pigment gallstones contained only a trace (less than 5%) of cholesterol. The gallstones of four patients (nos. 7, 8, 12, and 13), who had undergone cholecystectomy 1-15 yr previously, were not available for chemical analysis but the surgical and pathological records fit the morphological criteria for cholesterol gallstones (17) . Similarly, two patients with gallstones (nos. 2 and 4) who did not undergo surgery were assumed to have pigment stones because they were found to be totally radiopaque (18) .
Biliary-lipid composition in gallbladder bile. Bile was directly aspirated from the gallbladder at the time of surgery from 10 patients with gallstones and 5 of the morbidly obese subjects who were undergoing ileojejunal bypass. The lipid composition was determined by analysis for bile salts, phospholipid, and cholesterol, as described previously (3) .
Biliary lipid composition and secretion rates of hepatic bile. The biliary lipid composition and rates of secretion of biliary lipid into the duodenum were measured by the standard marker perfusion technique (19) based on that of Grundy and Metzger (20) and used by Gordon et al. to measure bilirubin secretion (21) . Briefly, the fasting subject was intubated with a triple-lumened polyvinyl tube. (27) . The residue was then taken for quantitation of bile salts by the 3a-hydroxysteroid dehydrogenase assay (4) .
The hourly rate of secretion of biliary cholesterol into the duodenum was determined from the sample withdrawn distally by use of the marker dilution principle (20) The purpose of the essential amino acid infusion was to release endogenous cholecystokinin (22) and cause tonic gallbladder contraction. With the gallbladder functionally removed from the enterohepatic circulation, the entry of bile into the duodenum directly reflected hepatic secretion into the biliary tree (20) . After the first 4-6 h of infusion, biliary lipid output into the duodenum became quite constant in patients with functioning gallbladders. In those whose gallbladders were removed, an equilibration period of only 2 h was required. After this equilibrium period, the secretory rate was taken as the average of the next 6 h (4-10 h) when steady secretion rates into the duodenum had been established.
Biliary bile salt composition. Two hydroxysteroid dehydrogenases were used to assay bile salts. Both the standard enzyme preparation, 3a-hydroxysteroid dehydrogenase, (Worthington Biochemical Corp., Freehold, N. J.) and a recently isolated 7a-hydroxysteroid dehydrogenase enzyme (Worthington Biochemical Corp.) (28) were used to analyze bile salt in the duodenal aspirates.
Bile salt pool size. The size of the circulating bile salt pool was estimated during the perfusion study. Briefly, 50 ,uCi of [2,4_3H] cholic acid and 10 ,uCi of [24-14C] chenodeoxycholic acid (New England Nuclear, Boston, Mass.) in 10 ml ethanol were flushed with 100 ml 5% NaHCO3 solution (pH 7.6) through the duodenal tube in the 1st h of starting the perfusion study. During this period, the maximal bile salt output into the duodenum occurs as gallbladder contraction ejects most of the bile salt pool into the duodenum. Bile was not collected for the next 2 h to allow for mixing and eliminate any disproportionate withdrawal of labeled bile salts. Thereafter, hourly duodenal bile aspirates were analyzed for total bile salt mass as described above, and 3H and 14C radioactivity (in disintegrations per minute) ascertained by liquid scintillation counting by using internal standardization to correct for quenching. The specific activity, which represents the ratio of isotope (disintegrations per minute) to total bile salt mass (millimoles), became constant after 3-4 h. The negligible hour-to-hour change after this period indicated that complete mixing had occurred. Similar results have recently been reported by Grundy and Bennion, and Grundy (29, 30) . The specific activity determined on hourly samples was averaged, and the total circulating pool calculated by dividing the total dose of radioactivity given by the average specific activity: -bile salt pool (millimoles) total radiolabel given (dpm) average specific activity (dpm/millimoles) The pool size determinations showed excellent agreement with less than 5% difference between the two labeled, primary bile salts.
Frequency of cycling. The mean rate at which the total bile salt pool cycles around the enterohepatic circulation during the experimental period is equal to the bile salt secretion rate divided by the pool size: frequency of cycling (h-') bile salt secretion rate millimoles hour bile salt pool size (millimoles) Data computation. The lipid composition of bile is expressed in terms of molar percent bile salts, phospholipid, and cholesterol; according to Admirand and Small (4) . Percent saturation of cholesterol in stimulated hepatic bile from each patient was calculated (31) by using the maximum cholesterol solubility at 3% total solid concentration of Carey and Small (32, 33) . A 3% line for total solids was chosen because this is close to the total solid concentration of human hepatic bile secreted from the liver. The total concentration of phospholipid plus cholesterol plus bile salts was found to have a mean (+SE) of 3.5 g/dl+0.5 in hepatic biles directly aspirated at surgery from 27 patients without hepatic disease (13) .
Statistical significance of data was evaluated by the Student's t test, and expressed as mean+SEM. Correlation coefficients and regression lines were computed and plotted by using polynomial regression analysis and a commercially available least squares fit program (HewlettPackard model 9810A Stat Pac. volume 1. Hewlett-Packard Co., Palo Alto, Calif.).
RESULTS
Biliary lipid composition. The molar percentages of cholesterol in gallbladder bile directly aspirated at surgery were compared with the stimulated hepatic bile obtained from the same patients preoperatively during the duodenal perfusion studies (Table III) . In all cases, the relative molar concentration of cholesterol was significantly (P < 0.01) lower in the hepatic bile collected under conditions of the essential amino acid infusion. The obese subjects without gallstones had by far the highest molar percentage cholesterol, the nonobese patients with cholesterol gallstones were next, and the pigment stone patients had the lowest relative concentration.
The mean relative lipid composition of hepatic bile for each group, has been plotted on triangular coordinates (Fig. 1) as percentage total moles of bile salts, cholesterol, and phospholipid (4) . The experimental groups, overall, secreted bile which contained more cholesterol and less bile salts (P < 0.01) than the Biliary Lipid Secretion 831 Biliary bile salt composition. The bile salt composition of hepatic bile was estimated by comparing the results of the two enzyme assays. The 3a-hydroxysteroid dehydrogenase measured bile salts possessing the 3a hydroxyl group-the primary bile salts, cholic acid, and chenodeoxycholic acid, plus the secondary species, deoxycholic acid and lithocholic acid. The 7a-hydroxysteroid dehydrogenase measured the primary bile salts, but not secondary bile salts which lack the 7a hydroxyl group. The proportion of primary bile salts was therefore determined from the ratio of primary (measured by 7a-hydroxysteroid dehydrogenase) to total (measured by 3a-hydroxysteroid dehydrogenase). Any sulfated or keto bile acids present would have been missed, but this assay provided a reasonable indication of bile salt composition.
The subjects with functioning gallbladders had hepatic bile with a bile salt composition distinctly different from patients whose gallbladders had been removed. In (8) . In these nonobese subjects, a curvilinear relation was found between bile salt secretion and both phospholipid and cholesterol secretion. The rates of secretion were quantitatively different in the patients with morbid obesity, with higher phospholipid and especially cholesterol secretion. In C, the percent cholesterol saturation in bile is plotted against the bile salt secretion rate for each patient group. Mean values+SEM are shown as open symbols for patients with functioning gallbladders, and as closed symbols for patients after cholecystectomy. The respective groups are joined by arrows. Stars represented obese patients; circles, nonobese cholesterol gallstone patients; triangles, pigment stone patients; and squares, non-stone control subjects. The percent saturation was calculated (31) by using the maximum cholesterol solubility in systems with 3.5% solid (32, 33) , which is the total concentration for the three components in hepatic bile (13) . An inverse relation existed between bile salt secretion rate and cholesterol saturation. The obese patients, however, formed more saturated bile at any given rate of bile salt secretion. Cholecystectomy in all groups resulted in higher bile salt secretion rates and hence less saturated bile.
(containing the 7a hydroxyl group); the remaining 22.2% were secondary bile salts (lacking the 7a hydroxyl group). After cholecystectomy, the percentage of primary bile salts decreased significantly (P < 0.001) to 60.0%+2.7% (mean+SE) with a corresponding increase in secondary bile salts.
Interrelations between bile salt and biliary lipid secretion. The relation between the hepatic secretion of bile salts, and that of cholesterol and phospholipid is shown in Fig. 5A and B. The lipid secretion data overall appeared curvilinear, like an ascending hyperbola. A nonlinear regression of the form y = x/(a + bx), originally used by Wheeler and King (8) , was applied to fit the curves to biliary lipid secretion. In the patients who were not obese, both phospholipid and cholesterol secretion were related to bile salt secretion. After a rapid initial increase, phospholipid and cholesterol secretion slowed when bile salt secretion was over 1,000 ,umol/h. For the 11 morbidly obese patients, the secretion of phospholipid and especially cholesterol tended to be higher. For the same level of bile salt secretion, the cholesterol secretion rate was double that of the normal weight patients. The influence of obesity on cholesterol secretion was further emphasized by the definite linear relationship (r = 0.79, P < 0.001) found between the extent ofobesity, in terms ofpercent ideal body weight, and the absolute cholesterol secretion rate. A similar relationship between cholesterol secretion and body surface area was demonstrated, but with a lower correlation coefficient (r = 0.61, P < 0.001). Grossly obese patients certainly had the highest cholesterol secretion rate.
The effect of the bile salt secretion rate on bile composition was further indicated by a plot of the bile salt secretion rate versus the percent saturation of cholesterol in bile (Fig. 5C) . A relationship between the bile salt secretion rate and the percent saturation is quite evident. The greater the secretion rate, the less saturated the bile. The nonobese patients with cholesterol gallstones had a low bile salt secretion rate and hence formed bile saturated with cholesterol. Obese patients, on the other hand, had a nearly normal bile salt secretion rate, but yet much greater cholesterol saturation. This is due to their increased cholesterol secretion rate. Cholecystectomy increased the bile salt secretion rate and lowered the cholesterol saturation in all three groups.
DISCUSSION
A major discovery in our understanding of cholesterol gallstone formation was that cholesterol solubility in bile could be defined by the relative molar proportions of the major biliary constituents, cholesterol, bile acids, and phospholipids (4 (35, 36) and that even gallstone patients with radiologically nonfunctioning gallbladders formed a more normal bile (37) (38) (39) (40) (5, 6) . In the presence of extreme obesity, the bile salt pool is not reduced. Instead, the cholesterol secretion rate is increased and directly related to the extent of obesity. This high cholesterol output into bile agrees with the increased cholesterol turnover documented in obesity (43, 44) , the source of which presumably arises in the liver or intestine rather than from adipose tissue (45) .
A graduation of secretory defects may therefore exist between the massively obese and the nonobese (46) . At one extreme lie the grossly obese subjects whose main problem is excessive cholesterol secretion (30) . Next come the obese white women with gallstones, who not only have a raised cholesterol secretion but also a marginally decreased bile salt output (11) . Then the obese Indian women follow with combined defects: increased cholesterol secretion, plus a reduced bile salt pool and secretion (10) . Finally, at the other extreme, are the nonobese whites whose gallstone disease is manifest by a decreased secretion of the solubilizing lipids in bile, bile salts, and phospholipids. Where the typical, slightly overweight female with cholesterol gallstones would be is, as yet, unknown.
As for the effect of cholecystectomy on bile composition, the divergent findings can be reconciled by considering the conditions under which bile is sampled, -specifically the changing enterohepatic circulation of bile salts and the resultant effect on bile composition (47) . Indeed, the present study reaffirms the close association between bile salt secretion and the resultant bile composition (9, 48) . At This improvement clearly results from an increase in bile salt and phospholipid secretion, rather than any effect on cholesterol. The increased bile salt secretion rate produced by removal of the gallbladder could only have occurred because either the bile salt pool increased in size, traversed the enterohepatic circuit more rapidly, or both (13) . Previous investigations have given conflicting results. Some have suggested that a normal bile salt pool exists after cholecystectomy (50, 51) , implying that the pool must have increased; others have noted that the small pool persists, unchanged (14) . In animal models, the bile salt pool is reduced by cholecystectomy (52, 53 (52, 53) . In the overall economy of the enterohepatic circulation, a more rapidly circulating pool with increased hepatic return and secretion should cause a reduction in pool size (13) . Nevertheless, the decrease in pool size is more than offset by the increase in cycling. (55) . Within the small intestine, proximal reabsorption of conjugated secondary bile salts may cause shortcircuiting, such as the jejunohepatic shunting associated with bacterial overgrowth (56) .
In conclusion, while all patients with cholesterol gallstones form bile containing a relative excess of cholesterol, the mechanisms in nonobese and obese patients are different. The basic secretory defect in nonobese patients is not excess cholesterol secretion, but rather decreased bile salt and phospholipid secretion. Conversely, in grossly obese subjects with very abnormal bile, cholesterol secretion is greatly increased without any absolute reduction in bile salt or phospholipid secretion. The low bile salt pool previously reported in most gallstone patients (5) is confirmed by using a different technique, but it is found only in nonobese patients. Further, since the cycling frequency in these patients is low or normal, the small pool size must be the major factor leading to the decreased bile salt secretion rate. The overall homeostatic mechanism regulating the bile salt pool presumably is abnormal. Such patients must have an abnormal suppression of hepatic synthesis of bile salts to result in such a decreased pool size (13, 46) . After cholecystectomy, biliary lipid composition distinctly improves. The improvement occurs because, although the bile salt pool remains small (or is even redtuced fturther), it cycles more frequently around the enterohepatic circulation to increase bile salt secretion. In effect, increased cycling offsets the reduction in pool size. Cholecystectomy does not eliminate but merely masks the underlying hepatic defect.
